Women with polycystic ovary syndrome (PCOS) diagnosed with hyperandrogenism and ovulatory dysfunction have an increased risk of developing metabolic disorders, including type 2 diabetes and cardiovascular disease. We previously developed a model that uses letrozole to elevate endogenous testosterone levels in female mice. This model has hallmarks of PCOS, including hyperandrogenism, anovulation, and polycystic ovaries, as well as increased abdominal adiposity and glucose intolerance. In the current study, we further characterized the metabolic dysfunction that occurs after letrozole treatment to determine whether this model represents a PCOS-like metabolic phenotype. We focused on whether letrozole treatment results in altered pancreatic or liver function as well as insulin resistance. We also investigated whether hyperinsulinemia occurs secondary to weight gain and insulin resistance in this model or if it can occur independently. Our study demonstrated that letrozole-treated mice developed hyperinsulinemia after 1 week of treatment and without evidence of insulin resistance. After 2 weeks of letrozole treatment, mice became significantly heavier than placebo mice, demonstrating that weight gain was not required to develop hyperinsulinemia. After 5 weeks of letrozole treatment, mice exhibited blunted glucose-stimulated insulin secretion, insulin resistance, and impaired insulin-induced phosphorylation of AKT in skeletal muscle. Moreover, letrozole-treated mice exhibited dyslipidemia after 5 weeks of treatment but no evidence of hepatic disease. Our study demonstrated that the letrozole-induced PCOS mouse model exhibits multiple features of the metabolic dysregulation observed in obese, hyperandrogenic women with PCOS. This model will be useful for mechanistic studies investigating how hyperandrogenemia affects metabolism in females. (Endocrinology 158: 2988(Endocrinology 158: -3003, 2017 
P olycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of reproductive age and has an estimated worldwide prevalence of 6% to 15% using the National Institutes of Health diagnostic criteria and up to 21% using the Rotterdam Consensus criteria (1, 2) . Women with PCOS have an increased risk of menstrual irregularities, infertility, and pregnancy complications (1, 3, 4) . PCOS was first described in 1935 by Irving Stein and Michael Leventhal as a triad of polycystic ovaries, hirsutism and oligomenorrhea or amenorrhea (5, 6) . Over 80 years later, PCOS is still diagnosed using variations of these clinical hallmarks. For instance, the National Institutes of Health 1990 PCOS diagnostic criteria consists of clinical hyperandrogenism and oligomenorrhea or amenorrhea, whereas the Rotterdam Consensus 2003 criteria require at least two of the three criteria (hyperandrogenism, oligomenorrhea or amenorrhea, and polycystic ovaries), and the Androgen Excess Society 2006 criteria include hyperandrogenism and ovulatory dysfunction (1) .
Although PCOS was originally described as a reproductive disorder, studies over the past 30 years have demonstrated that PCOS is also a metabolic disorder (7) (8) (9) (10) (11) (12) . In their seminal study, Stein and Leventhal (6) identified an association between PCOS and obesity, and epidemiology studies have shown that approximately 80% of women diagnosed with PCOS in the United States are overweight or obese (4) . Although not a diagnostic criterion, insulin resistance is also prevalent in women with PCOS, occurring in 75% of nonobese and 95% of obese women with PCOS (13) . In addition to obesity and insulin resistance, clinical studies have shown that PCOS is associated with abdominal adiposity, hyperinsulinemia, glucose intolerance, and dyslipidemia (14) (15) (16) (17) .
Due to metabolic dysregulation, women with PCOS have an increased risk of developing metabolic syndrome, type 2 diabetes, gestational diabetes, nonalcoholic fatty liver disease (NAFLD), and cardiovascular disease (3, 12, (18) (19) (20) . A large, retrospective study demonstrated that PCOS was associated with an increased risk of obesity (16% vs 3.7%), type 2 diabetes (12.5% vs 3.8%), and hypertensive disorder (3.8% vs 0.7%) over a 15-year period (21) . Similarly, a meta-analysis of 35 studies found that PCOS was associated with a fourfold increase in the prevalence of type 2 diabetes (22) . There is strong evidence that hyperandrogenism is the primary predictor of metabolic dysfunction (2, 4, 12) . Metabolic dysfunction occurs predominantly in women with PCOS who are diagnosed with hyperandrogenism and ovulatory dysfunction, irrespective of body mass index (2, 23, 24) . This association is weaker for women with hyperandrogenism and polycystic ovaries, whereas women with ovulatory dysfunction and polycystic ovaries, but no evidence of androgen excess, have the mildest degree of metabolic dysfunction.
Although the etiology of PCOS is poorly understood, heritability and twin studies indicate that there is a strong genetic component, whereas environmental factors such as prenatal exposure to androgens may also play a role (25) (26) (27) (28) (29) (30) . Because hyperandrogenism is associated with both reproductive and metabolic phenotypes of PCOS, researchers have created models in primates, sheep, and rodents to study the role of androgens in the development and pathology of PCOS [reviewed in (31) (32) (33) (34) (35) ]. There are many advantages to using mice as a model system, including a short generation time, amenability to genetic manipulation, and the ability to control genetics and diet. Several hyperandrogenic mouse models have been developed using dihydrotestosterone (DHT) or dehydroepiandrosterone (DHEA), but none of these models fully recapitulated the reproductive and metabolic phenotypes of PCOS. For instance, prenatal exposure to DHT was reported in several studies to result in disrupted estrous cyclicity but not polycystic ovaries or a consistent metabolic phenotype (36) (37) (38) (39) . In comparison, pubertal treatment with DHT resulted in disrupted cyclicity, polycystic ovaries, weight gain, adipocyte hypertrophy, and glucose intolerance but did not result in increased luteinizing hormone (LH) levels, hyperinsulinemia, hyperglycemia, or insulin resistance (40) . Pubertal treatment with DHEA resulted in acyclicity and hyperinsulinemia but no polycystic ovaries, weight gain, or hyperglycemia (41) . Another study, using 10-fold less DHEA, resulted in a stronger metabolic phenotype, including weight gain, hyperglycemia, and hyperinsulinemia, but still lacked polycystic ovaries (42) .
We previously developed a mouse model that uses letrozole, a nonsteroidal aromatase inhibitor, to increase endogenous testosterone levels by limiting the conversion of testosterone to estrogen (43) . We demonstrated that this mouse model has many of the hallmarks of PCOS, including hyperandrogenism, elevated LH levels, anovulation, and polycystic ovaries (43, 44) . In addition, we reported that these mice have a metabolic phenotype that includes increased weight and fat mass, visceral adiposity, adipocyte hypertrophy, and impaired glucose tolerance after 5 weeks of letrozole treatment (43, 44) . In this study, we investigated whether letrozole treatment results in altered pancreatic or liver function as well as insulin resistance. We also asked whether hyperinsulinemia occurs as a consequence of weight gain and insulin resistance in this model or if it can occur independently. In addition to demonstrating that many of the metabolic features of this model are consistent with those found in obese women with PCOS, our study shows that hyperinsulinemia and mild dysglycemia occur prior to weight gain and the development of insulin resistance in letrozole-treated female mice. In addition, our data indicate that letrozole treatment may result in tissuespecific insulin resistance, as demonstrated by decreased insulin-dependent phosphorylation of AKT within skeletal muscle.
Materials and Methods

Animals
Female C57BL/6NHsd mice were purchased from Envigo at 3 weeks of age and allowed to acclimate for 1 week prior to initiating studies. Mice were housed under automated 12/12-hour light/dark (light period: 0600 to 1800 hours) and given ad libitum access to water and food (Teklad S-2335 diet; Envigo). All animal studies were approved by the University of California, San Diego Institutional and Animal Care and Use Committee (protocol number S14011). At 4 weeks of age, mice were implanted subcutaneously with either a placebo or letrozole (Fitzgerald Industries International) pellet in the nape that provided a constant, slow release of letrozole (3-mg pellet 3 mm in diameter, 50 mg/d release; Innovative Research of America). Each week, mice were weighed and then fasted for 6 hours, starting at 0900 hours, to obtain tail vein blood to measure fasting blood glucose (FBG) and/or insulin. Food intake was also measured on a weekly basis.
Metabolic and locomotor analyses
Indirect calorimetry was performed on a separate cohort of female mice treated with placebo or letrozole for 5 weeks using a 12-cage equal-flow Comprehensive Lab Animal Monitoring System calorimeter (Columbus Instruments) coupled with photosensors to detect movement. The mice were habituated to the metabolic cages (single-housed) for 2 days prior to data acquisition for 3 days (n = 6 per group). O 2 consumption (VO 2 ) and CO 2 production (VCO 2 ) were measured every 12 minutes per cage. Respiratory exchange ratio was calculated as the quotient of VCO 2 /VO 2 . Locomotor activity was measured at 1-minute intervals by photosensors, with the bottom row measuring horizontal movement (equals the total number of photobeams broken; nonrepetitive activity equals total horizontal movement minus the number of consecutive beams broken due to nonambulatory movements like grooming) and the upper row measuring vertical movement (rearing, reaching the drinking tube, walking on top of the food hopper). Total activity equals horizontal plus vertical movement. In addition, food and water intake was measured at 12-minute intervals.
In vivo glucose-stimulated insulin secretion
A glucose tolerance test (GTT) was performed on mice after 1 week and 5 weeks of placebo or letrozole treatment. The mice were fasted for 6 hours (0900 to 1500 hours). Tail vein blood was collected and glucose levels were measured using a handheld glucometer (One Touch UltraMini; LifeScan) just before (time 0) an intraperitoneal injection of glucose was administered (2 g/kg body weight in sterile saline) and at 15, 30, 45, 60, 90 , and 120 minutes after injection. To measure glucose-stimulated insulin secretion (GSIS), additional tail vein blood was collected at 0, 3, 10, and 30 minutes.
Ex vivo GSIS
Islets were isolated by inflating the pancreas via the common bile duct with 3 mL of reconstituted CIzyme RI (VitaCyte, LLC) per the manufacturer's instructions. Pancreata were digested at 37°C for 17 minutes, and islets were separated using a gradient of Histopaque 1119:1077 (Sigma) at a 1.2:1 ratio layered over 0.3% bovine serum albumin-containing Hanks balanced salt solution. Islets were selected and incubated for 48 hours in Dulbecco's modified Eagle medium containing 1 g/L glucose, 10% fetal bovine serum, 50 U/mL penicillin and streptomycin, and either ethanol vehicle or 10 nM DHT. Ex vivo GSIS was performed as previously described (45) 3 . Islets were then switched to fresh 2.8-mM glucosecontaining SAB buffer for 1 hour, and media were collected to measure basal levels of secreted insulin. The islets were subsequently incubated in 16.7 mM glucose-containing SAB buffer for 1 hour, and media were collected to measure stimulated levels of secreted insulin. Islets were then washed and lysed in acidic ethanol (80% ethanol, 2.1% 12N HCl) and diluted 1:25 in SAB to obtain total intracellular insulin content. Each sample was run in duplicate to measure insulin levels with an enzymelinked immunosorbent assay (ELISA) ultrasensitive or highrange kit (ALPCO).
Insulin tolerance test
In a separate cohort of mice, an insulin tolerance test (ITT) was performed on mice after 1 week and 5 weeks of placebo or letrozole treatment. Mice were fasted for 5 hours (0900 to 1400 hours) (46) . Tail vein blood glucose was measured just before (time 0) an intraperitoneal injection of insulin (0.75 U/kg in sterile saline; Humulin R U-100; Eli Lilly) was given and at 15, 30, 45, 60, 90 , and 120 minutes after injection.
Ex vivo insulin challenge and Western blots
Mice were fasted for 5 hours (0900 to 1400 hours) and then placed under isofluorane anesthesia. Tissue samples were collected from liver, parametrial adipose, and quadricep skeletal muscle just prior to insulin injection. Insulin (1.5 U/kg in sterile saline) was then injected into the inferior vena cava (47) . Tissues were collected as follows after injection: liver at 3 minutes, skeletal at 7 minutes, and adipose at 10 minutes and then snap frozen in liquid nitrogen. Liver and skeletal muscle samples were homogenized in ice-cold radioimmunoprecipitation assay buffer [10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.1% sodium dodecyl sulfate, 1% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, complete protease inhibitor tablet and phosphatase inhibitor tablet (Roche Applied Science)] and adipose in ice-cold HNTG buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, complete protease inhibitor tablet and phosphatase inhibitor tablet (Roche Applied Science), 1 mM phenylmethylsulfonyl fluoride] using a Bio-Gen Pro200 Homogenizer (Pro Scientific). Lysates were centrifuged at 16,000 3 g at 4°C for 30 minutes. For adipose samples, the fat cakes were removed from the supernatant. The protein concentration of the supernatant was determined by Bradford assay (Bio-Rad Laboratories), and an equal amount of protein per sample was loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. Proteins were resolved by electrophoresis and transferred for 2 hours at 100 V onto a polyvinylidene difluoride membrane (Millipore). Blots were blocked overnight in 5% nonfat milk and then probed overnight at 4°C with primary antibody. Primary antibodies used for the Western blot were AKT 
Hormone assays
Serum testosterone was measured with a mouse ELISA (range, 10 to 800 ng/dL), LH was measured with a radioimmunoassay (range, 0.04 to -75 ng/mL), and 17-b estradiol was measured with a mouse ELISA (range, 3 to 300 pg/mL) by the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core Facility. Leptin was measured with a mouse ELISA (range, 62.5 to 4000 pg/mL; R&D Systems). Glucagon was measured with a mouse ELISA (range, 31.3 to 2000 pg/mL; R&D Systems). Serum insulin and interleukin 6 (IL-6) were measured using a Milliplex Mouse Metabolic Hormone Panel (MMHMAG-44K; Millipore) using a Luminex Magpix (range for insulin, 69 to 50,000 pg/ mL; range for IL-6, 27 to 10,000 pg/mL).
Lipid and hepatic enzyme assays
The University of Texas Southwestern Medical Center Metabolic Phenotyping Core (Dallas, TX) analyzed serum free fatty acids with the WAKO Diagnostics NEFA colorimetric assay (range, 0.01 to 4 mEq/L) and serum chemistries using the Vitros 250 Chemistry System for total cholesterol (range, 50 to 326 mg/dL), triglycerides (range, 10 to 525 mg/dL), highdensity lipoprotein (HDL) (range, 5 to 110 mg/dL), aspartate aminotransferase (AST; range, 14 to 373 U/L), and alanine aminotransferase (ALT; range, 15 to 644 U/L).
Histology
Liver and ovaries were collected from mice, fixed in 4% paraformaldehyde at room temperature for 16 to 24 hours, and stored in 70% ethanol before processing for histology. Paraffinembedded ovaries were sectioned at 10 mm and liver at 7 mm, and both tissues were stained with hematoxylin and eosin (Zyagen). Digital images were collected using a Nikon Digital Shot-Fi1 camera.
Statistical analyses
Statistical analyses were conducted using JMP 12.0Pro (SAS Institute). Repeated-measure longitudinal studies were analyzed by mixed-effects model analysis (48) , and independent data samples were analyzed by Student t test or one-way analysis of variance followed by Tukey post hoc test. For nonnormal data, nonparametric Kruskal-Wallis analysis was used followed by the Steel-Dwass post hoc test. Area under the curve was calculated by the trapezoid rule.
RESULTS
Pubertal female mice gained weight after 2 weeks of letrozole treatment, but food intake and energy expenditure remained unchanged
We previously established a letrozole-induced PCOS mouse model to characterize the role of hyperandrogenemia in the reproductive and metabolic dysregulation observed in PCOS (43) . We again used 5 weeks of letrozole treatment in 4-to 9-week-old female mice in the current study to further characterize the metabolic dysregulation that occurs in the PCOS mouse model [ Fig. 1(a) ]. As previously reported (43, 44) , pubertal mice treated with letrozole for 5 weeks had multiple hallmarks of PCOS, including elevated testosterone, anovulation as indicated by a lack of corpora lutea in the ovaries, and cystic follicles (Supplemental Fig. 1 ). We found that mice had a significant increase in body weight after 2 weeks of letrozole treatment compared with placebo that was maintained for the rest of the experiment [ Fig. 1(b) ]. Interestingly, although weight significantly increased during letrozole treatment, we did not observe any change in weekly food intake during the study [ Fig. 1(c) ]. To further investigate the metabolic phenotype of this PCOS mouse model, we placed placebo-or letrozoletreated mice in CLAMS cages after 5 weeks of treatment. Food and water intake did not change in the light or dark cycle (Supplemental Fig. 2 ). Locomotor activity was significantly decreased in letrozole-treated mice during the dark cycle but not in the light cycle [ Fig These results indicate that energy intake and expenditure were not altered by letrozole treatment, even though movement and respiration were decreased and suggest that other mechanisms contribute to the metabolic dysregulation observed after letrozole treatment.
Glucose homeostasis was disrupted after 5 weeks of letrozole treatment
Previously, we reported that glucose responsiveness in a GTT was altered after 5 weeks of letrozole treatment (43, 44) . Therefore, to further investigate this defect in glucose homeostasis, in vivo GSIS was measured along with serum glucagon levels in mice after 5 weeks of letrozole or placebo treatment. In vivo GSIS was performed after the mice were fasted for 6 hours [ Fig.  2(a-e) ]. Similar to our previous study (43, 44) , mice treated with letrozole for 5 weeks had significantly elevated FBG [ Fig. 2(b) ]. Letrozole-treated mice also had impaired glucose tolerance over 2 hours, as previously reported [ Fig. 2(a-c) ] (43, 44) . Interestingly, letrozoletreated mice had fasting basal insulin levels that were almost four times higher than placebo mice [ Fig. 2(d) ]. Both groups had peak GSIS 10 minutes after injection [ Fig. 2(d) ]. When normalized to basal insulin levels, placebo-treated mice responded to exogenous glucose stimulation with a maximal secretion peak 3.5-fold greater than basal insulin levels. In contrast, letrozole-treated mice displayed a blunted response to glucose stimulation with a maximal peak of 1.3-fold greater than basal insulin levels [ Fig. 2(e) ]. This experiment suggests that letrozole treatment increases basal insulin secretion and/ or, alternatively, that insulin clearance is decreased. These data also suggest that b-cells in these mice do not secrete insulin appropriately in response to exogenous glucose; however, additional studies are needed to confirm this finding.
Glucagon levels were decreased in fasted mice after 5 weeks of letrozole treatment
In the fasted state, glucagon levels are elevated to stimulate hepatic glycogenolysis and gluconeogenesis to provide a constant source of glucose. In the fed state, increased insulin suppresses both glucagon secretion and hepatic glucose production (49, 50) . To determine if abnormal glucagon secretion was associated with the hyperglycemia we observed in letrozoletreated mice, we measured serum glucagon from mice after 5 weeks of letrozole treatment that were in a fasted or fed state. As expected, glucagon levels in placebo-treated mice were significantly lower in an ad libitum fed state compared with a fasted state [ Fig. 2(f) ]. Similarly, letrozole-treated mice had decreased glucagon levels in a fed state compared with a fasted state, indicating that pancreatic a-cells can secrete glucagon in response to a fast. Glucagon levels were not different between placebo and letrozole mice in the ad libitum fed state, suggesting that suppression of glucagon in the fed state was normal. Interestingly, we observed a modest but significant decrease in glucagon levels in fasted letrozole-treated mice compared with fasted placebo mice [ Fig. 2(f) ].
Glucose stimulated insulin secretion was not altered by DHT treatment in pancreatic islets isolated from placebo-or letrozole-treated female mice
To further investigate b-cell function, we performed an ex vivo GSIS in islets isolated from male or female mice. Islets were cultured for 48 hours in ethanol vehicle or DHT and then treated with basal levels of glucose (2.8 mM) and then further stimulated with high glucose (16.7 mM). Similar to a previous study (51) , we observed an increase in GSIS in islets isolated from male mice that were treated with DHT for 48 hours compared with vehicle [ Fig. 3(a) ]. In contrast, we did not observe an increase in GSIS in islets from female mice treated with DHT, indicating that there was a sex-specific response to DHT [ Fig. 3(a) ]. We then investigated whether GSIS is altered in islets from placebo-and letrozole-treated mice after 5 weeks of treatment. Both basal-and high glucosestimulated insulin secretion were similar between islets from placebo-and letrozole-treated mice [ Fig. 3(b) ], suggesting that a direct effect of DHT on insulin secretion is not responsible for the hyperinsulinemia or the impaired GSIS observed in letrozole-treated mice.
Mice were insulin resistant after 5 weeks of letrozole treatment
We assessed insulin resistance in mice after 5 weeks of treatment using an ITT. Both treatment groups displayed a decrease in blood glucose in response to exogenous insulin [ Fig. 4(a) ]. When normalized to basal FBG, placebo-treated mice had a maximal decrease to 35% of basal glucose, whereas letrozole-treated mice only displayed a reduction to 70% of basal glucose, suggesting that letrozole treatment resulted in peripheral insulin resistance [ Fig. 4(b) ].
Peripheral insulin resistance can be identified in insulin target tissues, such as liver and adipose tissues, and skeletal muscle by changes within the insulin signaling pathway (52) . Therefore, we performed an ex vivo insulin challenge to assess changes in peripheral tissue insulin sensitivity in mice after 5 weeks of treatment. Using Western blotting, we measured phosphorylation of AKT Serine473 as an indirect measure of insulin signaling cascade activation [ Fig. 4 (c) and 4(d)] (47). We found that adipose and liver phosphorylation of AKT in response to exogenous insulin relative to basal phosphorylation was similar in placebo-and letrozole-treated mice. In contrast, insulin-induced AKT phosphorylation was significantly blunted in the skeletal muscle of mice treated with letrozole, suggestive of tissue-specific insulin resistance.
Mice were hyperlipidemic after 5 weeks of letrozole treatment
We evaluated serum lipids in placebo-and letrozoletreated mice after 5 weeks of treatment. We found that letrozole treatment was associated with significantly elevated lipids, including total cholesterol, triglycerides, and free fatty acids, similar to the dyslipidemia found in many women with PCOS (Table 1) (14, 53) . HDL was also elevated, which is not typically found in women with PCOS. Leptin levels were elevated in letrozole-treated mice, consistent with the increased adiposity observed in this model. A previous report identified increased inflammatory markers and macrophage infiltration in parametrial adipose tissue in mice after 5 weeks of letrozole treatment (43) . In contrast, serum levels of IL-6 were similar in placebo-and letrozole-treated mice ( Table 1 ), suggesting that systemic inflammation did not occur after 5 weeks of letrozole treatment.
Liver function and histology were normal after 5 weeks of letrozole treatment
Because letrozole treatment resulted in dyslipidemia in this mouse model, we assessed liver histology and serum enzymes to evaluate for possible liver disease. ALT and AST are enzymes that are released from damaged hepatocytes (20) . Letrozole-treated mice had no signs of liver injury as both serum ALT and AST levels were normal [ Fig. 5(a) and 5(b) ]. In addition, there were no signs of ectopic lipid deposits in the livers of letrozoletreated mice [ Fig. 5(c) ], despite the hyperlipidemia, further indicating that liver function was unaffected after 5 weeks of letrozole treatment.
Hyperglycemia and hyperinsulinemia were present after 1 week of letrozole treatment and occurred prior to weight gain
The metabolic dysregulation that we observed in female mice after 5 weeks of letrozole treatment, including mild hyperglycemia, hyperinsulinemia, insulin resistance, and dyslipidemia, could have developed secondary to the significant increase in adiposity that occurred after 2 weeks of treatment. To determine if increased adiposity caused hyperinsulinemia and hyperglycemia in the letrozole-induced PCOS mouse model, we measured weekly FBG and insulin levels. As shown in Fig. 6 , significant hyperinsulinemia and hyperglycemia occurred after 1 week of letrozole treatment (the earliest time point we measured). After 1 week of treatment, average FBG was 155 mg/dL in placebo-treated mice compared with 190 mg/dL in letrozole-treated mice [ Fig. 6(a) ]. FBG levels remained elevated in letrozole-treated mice during weeks 1 to 5. In addition, from week 0 to week 1 of treatment, average fasting insulin levels of placebo-treated mice increased from 633 pg/mL to 1043 pg/mL, and letrozoletreated mice levels increased from 634 pg/mL to 1482 pg/ mL [ Fig. 6(b) ]. The increase in insulin levels in the placebo group is consistent with metabolic changes that occur during puberty, which include increased insulin resistance and a compensatory increase in insulin to maintain euglycemia (54) . Puberty in female C57BL/6 mice is evident at 4 weeks of age by vaginal opening, and cyclicity is established by 8 weeks of age (55) . As mice progress through puberty and into sexual maturity, insulin resistance subsides and insulin levels return to prepubertal levels, as demonstrated in the placebotreated mice in Fig. 6(b) . In contrast to placebo, letrozole treatment resulted in a significant increase in fasting insulin levels after 1 week of treatment that became more pronounced after 3 to 5 weeks of treatment [ Fig. 6(b) ]. Overall, these data demonstrated that letrozole treatment resulted in a rapid increase in glucose and insulin levels after 1 week of treatment and that these changes occurred prior to any measurable increase in weight.
Testosterone and LH were increased after 1 week of letrozole treatment
Because metabolic changes occurred after 1 week of letrozole treatment (at 5 weeks of age), we assessed whether letrozole treatment also resulted in changes in reproductive hormones at this time point. Similar to the Figure 3 . DHT treatment did not alter ex vivo glucose stimulated insulin secretion in islets isolated from placebo-or letrozole-treated female mice. (a) Islets were isolated from 8-to 10-week-old female and male mice and cultured for 48 hours with ethanol vehicle (Veh) or 10 nM DHT (n = 7 per group). GSIS was performed in static culture. Media were collected from islets treated with 2.8 mM glucose and then 16.7 mM glucose for 1 hour to measure insulin secretion. DHT treatment resulted in a significant increase in GSIS in islets isolated from male mice but not female mice. *P , 0.05 2.8 mM vs 16.7 mM glucose and Veh vs DHT-treated male mice by nonparametric Kruskal-Wallis analysis followed by Steel-Dwass post hoc test. (b) Islets were isolated from placebo-or letrozole-treated mice after 5 weeks of treatment and cultured for 48 hours with Veh or 10 nM DHT (n = 7 per group). Media were collected from islets treated with 2.8 mM glucose and then 16.7 mM glucose for 1 hour to measure insulin secretion. DHT treatment did not alter GSIS in islets isolated from placebo-or letrozole-treated female mice. *P , 0.05 2.8 mM vs 16.7 mM glucose by one-way analysis of variance followed by Tukey post hoc test. effect of letrozole after 5 weeks of treatment (43, 44), we found that testosterone was increased by approximately fivefold in letrozole-treated mice compared with placebo, whereas LH was 10-fold higher than placebo [ Fig. 7 (a) and 7(b)]. There was no statistical difference in 17b-estradiol levels between the two groups [ Fig. 7(c) ]. These data indicate that 1 week of letrozole treatment was sufficient to increase endogenous testosterone levels.
Glucose homeostasis was mildly disrupted after 1 week of letrozole treatment
Because the mice were mildly hyperglycemic and hyperinsulinemic after 1 week of letrozole treatment, we assessed whether there were defects in in vivo GSIS. Although more modest than what was observed at 5 weeks, 1 week of letrozole treatment resulted in an increase in FBG [ Fig. 8(a) and 8(b) ] and delayed disposal of exogenous glucose over 2 hours [ Fig. 8(c) ]. The amount of insulin secretion in response to exogenous glucose was similar between placebo-and letrozoletreated mice [ Fig. 8(d) and 8(e) ]. These data suggest that the defect in GSIS observed after 5 weeks of letrozole treatment developed after 1 week of treatment.
Interestingly, unlike mice treated for 5 weeks with letrozole, serum glucagon was elevated in fasted mice treated with letrozole for 1 week despite the presence of hyperglycemia and hyperinsulinemia [ Fig. 8(f) ]. These data suggest that inappropriate secretion of glucagon or, alternatively, impaired clearance could contribute to the initial hyperglycemia that occurs after 1 week of letrozole treatment in this model. Mice were treated with placebo or letrozole for 5 weeks and then were fasted for 6 hours prior to blood collection; n = 9 to 12 per group. Values are presented as mean 6 standard error of the mean. a P , 0.0001 by t test.
Insulin resistance was present but no different from placebo after 1 week of letrozole treatment Because mice had fasting hyperinsulinemia and hyperglycemia after 1 week of letrozole treatment, we assessed insulin sensitivity at this time point by ITT. Letrozole-treated mice displayed a similar reduction in blood glucose in response to exogenous insulin as placebotreated mice [ Fig. 9(a) and 9(b) ]. At 5 weeks of age (1 week of treatment), both groups had a modest reduction in blood glucose to 75% of FBG levels [ Fig. 9(b) ], demonstrating puberty-induced insulin resistance. This is in contrast to 9 weeks of age (5 weeks of treatment), where blood glucose in placebo-treated mice dropped to 35% of FBG values. Thus, although insulin resistance was present in both placebo-and letrozole-treated mice at 1 week of treatment, they displayed the same sensitivity to exogenous insulin, indicating that 1 week of letrozole treatment did not result in pathologic insulin resistance.
Proposed model of the progression of metabolic changes in the letrozole-induced PCOS mouse model
Our study demonstrated that raising endogenous testosterone levels using the aromatase inhibitor, letrozole, resulted in multiple metabolic features similar to those found in many women with PCOS, including mild hyperglycemia, hyperinsulinemia, insulin resistance, and dyslipidemia. The model presented in Fig. 10 contrasts the normal metabolic changes that occur during puberty in placebo-treated mice vs the metabolic dysregulation observed in letrozole-treated mice. Puberty is a period of transient insulin resistance that arises as a physiologic adaptation to puberty that resolves by adulthood. Insulin sensitivity decreases by approximately 30% during puberty, and insulin secretion increases to maintain a euglycemic state, and this is consistent with our data (54, 56) . We observed an increase in insulin secretion near the beginning of puberty in placebo-treated mice, between 4 and 5 weeks of age (Fig. 6) . We also observed insulin resistance at 4 weeks of age in placebo-treated mice (Fig. 9 ) that resolved by 9 weeks of age (Fig. 4) . In contrast, letrozole treatment of pubertal mice resulted in hyperandrogenemia and a decompensated metabolic state that included hyperglycemia, hyperinsulinemia, and insulin resistance at 9 weeks of age.
Discussion
PCOS is a heterogeneous, polygenic disorder that often results in metabolic perturbation as well as impairment of the reproductive axis (57) . Recently, we reported that letrozole treatment of pubertal female mice resulted in hallmarks of PCOS, including hyperandrogenism, anovulation, and polycystic ovaries (43) . This letrozoleinduced PCOS mouse model also exhibited weight gain due to increased abdominal adiposity as well as elevated FBG levels and mild glucose intolerance (44) . Notably, the persistent hyperandrogenemia and anovulation in this model are similar to the phenotype of PCOS women diagnosed with hyperandrogenism and ovulatory dysfunction. This is in contrast to models that impose a hyperandrogenic insult during prenatal or postnatal development that does not result in elevated androgens during the time of metabolic assessment. Because hyperandrogenism is significantly associated with development of a metabolic phenotype in women with PCOS (2, 23, 24) , we further investigated the metabolic dysfunction that occurs in this model of androgen excess. We report that letrozole treatment resulted in multiple, additional metabolic abnormalities associated with PCOS, including basal hyperinsulinemia, blunted GSIS, insulin resistance, and dyslipidemia. Notably, this metabolic dysregulation occurred without a change in diet, food intake, or total energy expenditure (Fig. 1) . In addition, we demonstrated that hyperinsulinemia and mild hyperglycemia occurred after 1 week of letrozole treatment, prior to weight gain and the development of insulin resistance, indicating that this model may be useful for understanding how metabolic dysregulation develops in women after establishment of a hyperandrogenic milieu.
One of the striking findings in our study was that letrozole treatment of pubertal female mice resulted in elevated fasting insulin levels without evidence of pathologic insulin resistance after 1 week of treatment (Fig. 6) . Metabolic parameters in rodent hyperandrogenic PCOS models were typically evaluated at the conclusion of the study and rarely measured in the early stages of exposure as we did in our study. For instance, when female mice were treated with testosterone from postnatal days (PNDs) 10 to 24, an increase in fat mass was noted in the testosterone-treated mice at 6 weeks of age, but no earlier metabolic hormone assessments were performed (58) . Similarly, in female mice that received DHEA treatment at PNDs 23 to 43, metabolic assessment of the DHEAtreated mice demonstrated increased weight, hyperinsulinemia, and hyperglycemia at PND 43 (41) . The data from these models are consistent with our findings that hyperandrogenemia correlates with increased fasting insulin and glucose levels, but it is unclear in these models if hyperinsulinemia and hyperglycemia develop prior to weight gain and insulin resistance. Although basal hyperinsulinemia in women with PCOS has been primarily attributed to compensatory insulin secretion in response to insulin resistance (59), our data do not support this hypothesis but rather support the idea that hyperinsulinemia may develop prior to insulin resistance. This idea is also supported by a recent study by Andrisse et al. (60) that reported increased fasting insulin levels after 1 week of DHT treatment in adult female mice without any weight gain. Women with PCOS are reported to have basal hyperinsulinemia, along with blunted insulin secretion in response to food or glucose, which is suggestive of pancreatic b-cell dysfunction (3, 9, (61) (62) (63) (64) . In addition to basal hyperinsulinemia, we also observed a significantly decreased insulin response to a bolus of glucose in letrozole-treated mice compared with placebo-treated mice after 5 weeks of letrozole [ Fig. 2(e) ]. These data are similar to what was observed in female rats treated at PND 21 with DHT for 90 days. In this study, an in vivo GSIS test showed that DHT treatment resulted in a significantly blunted insulin secretion in response to glucose (65) . Notably, although we observed basal fasting hyperinsulinemia and a blunted in vivo GSIS in the letrozole-treated mice, other hyperinsulinemic mouse models using male mice were reported to exhibit a normal GSIS in the context of significant hyperinsulinemia (51, 66) . Thus, the fourfold higher fasting insulin levels that occurred in the letrozole-induced PCOS model would not necessarily preclude a glucose-stimulated release of insulin, suggesting that the blunted GSIS observed after 5 weeks of letrozole treatment is due to b-cell dysfunction.
In contrast to the in vivo GSIS, we observed a similar amount of insulin secretion when cultured pancreatic islets isolated from placebo-and letrozole-treated mice were stimulated with high levels of glucose in the absence or presence of DHT [ Fig. 3(b) ]. Similar to a previous report (65) , islets from male mice cultured with DHT had an increased GSIS response, whereas islets from female mice did not [ Fig. 3(a) ], indicating that islets from letrozole-treated mice responded to DHT as if they were female islets. Although multiple clinical studies have demonstrated a significant association between elevated androgens and b-cell dysfunction in women with PCOS, only a few studies have investigated the effect of excess androgens on female pancreatic b-cells (38, 65, 67) . The androgen receptor (AR) is expressed in normal female human and mouse pancreas (51, 68, 69) . In contrast to our results, DHT treatment of pancreatic islets isolated from female mice treated prenatally with androgens resulted in a small reduction in insulin secretion in response to high glucose (38) . Cultured pancreatic islets isolated from female rats and treated with either testosterone or DHT were also reported to have lower GSIS rates than vehicle controls (65) . Our data suggest that androgens do not have a direct effect on insulin secretion in b-cells in the letrozole-induced PCOS mouse model, although it is still possible that activation of AR in b-cells results in insulin hypersecretion via alternative mechanisms. Future studies employing a b-cell knockout of AR will be required to determine whether AR in b-cells is required for the hyperinsulinemia and blunted GSIS observed in letrozole-treated female mice. In addition, it will be interesting to determine whether letrozole treatment causes b-cell proliferation and expansion and if this is AR dependent. Furthermore, although our model mimics the hyperinsulinemia and b-cell dysfunction observed in women with PCOS, decreased hepatic insulin clearance is reported to contribute to the hyperinsulinemia in women with PCOS, particularly in obese women (17, (70) (71) (72) . Additional studies will be required to determine whether hepatic clearance of insulin is decreased in the letrozole-induced PCOS mouse model.
Because insulin resistance is a key feature of metabolic dysfunction in PCOS, we evaluated whether letrozole treatment of pubertal female mice resulted in insulin resistance. Despite elevated fasting basal insulin and glucose levels, placebo-and letrozole-treated mice were equally insulin sensitive after 1 week of treatment, whereas significant insulin resistance was present in letrozole-treated mice after 5 weeks of treatment (Figs. 4  and 9 ). Although insulin resistance in PCOS is independent of body mass index, it has been reported that obese women with PCOS have greater insulin resistance than lean women due to the additive effect of obesity on insulin resistance (16, 17, (72) (73) (74) . Future studies will be required to determine when insulin resistance develops in this model. In addition to a decreased responsiveness to insulin, molecular markers of insulin resistance have been identified in the skeletal muscle of women with PCOS (75, 76) . Skeletal muscle biopsies from women with PCOS in a euglycemic-hyperinsulinemic clamp study were reported to have attenuated phosphorylation of AKT S473 and T308 in response to insulin (76) . Interestingly, after 5 weeks of letrozole treatment, we observed a decrease in insulin-induced phosphorylation of AKT S473 in skeletal muscle but not in liver or parametrial adipose tissue (Fig. 4) , indicating that insulin resistance in skeletal muscle may occur in the letrozoleinduced PCOS mouse model. Future studies using a euglycemic-hyperinsulinemic clamp will be necessary to establish the temporal and tissue pattern of insulin resistance in the letrozole-induced PCOS mouse model, as well as the degree of insulin resistance.
In addition to b-cell dysfunction and insulin resistance, one-third of women with PCOS in the United States have dysglycemia, which is defined as prediabetes and diabetes (77, 78) . Prediabetes is a condition in which blood glucose is elevated but does not meet the diagnostic threshold of diabetes. Dysglycemia can be detected by an abnormal oral GTT, elevated hemoglobin A1C, and/or increased FBG. As previously reported (27, 43, 44) , the letrozoleinduced PCOS mouse model exhibits dysglycemia, with elevated FBG and impaired glucose tolerance [ Fig. 2 and Fig. 6(a) ]. Because FBG levels in mice are strain dependent (27) , there is no consensus on glycemic values to distinguish prediabetic-or diabetic-like states in mice. Letrozole treatment of pubertal female mice resulted in mild hyperglycemia, with FBG levels 18% to 30% greater than controls over the 5 weeks of treatment. With mild fasting hyperglycemia and abnormal glucose tolerance, without clear signs of diabetes, our model is consistent with the dysglycemia found in women with PCOS and reflects a prediabetic-like phenotype. Increased adiposity is a common finding in women with PCOS, with 80% in the United States being overweight or obese (4) . Not surprisingly, 70% of women with PCOS demonstrate some level of dyslipidemia consisting of elevated triglycerides, free fatty acids, total cholesterol, and low-density lipoprotein, along with low HDL. Dyslipidemia in PCOS women is also strongly associated with hyperandrogenism and insulin resistance (12, 14, 15, 53, 79, 80) . In addition, obesity, insulin resistance, and dyslipidemia place women with PCOS at risk for NAFLD (20) . In addition to increased weight and insulin resistance, the letrozole-induced PCOS mouse model exhibited dyslipidemia after 5 weeks of treatment (Table 1 ) but had no signs of NAFLD (Fig. 5) . Letrozoletreated mice weighed 14% to 19% more than placebotreated mice after 2 to 5 weeks of treatment [ Fig. 1(b) ], primarily due to increased visceral adiposity, and had a 5.5-fold increase in fasting leptin levels ( Table 1) . Our previous study also demonstrated adipocyte hypertrophy, macrophage infiltration, and an increase in inflammatory markers in parametrial adipose tissue (43) . The dyslipidemia observed in the letrozole-treated mice was consistent with changes in women with PCOS, with the exception of elevated HDL levels. It is possible that the elevated HDL measured after 5 weeks of letrozole treatment reflects a transient compensatory rise due to elevated triglycerides (81, 82) or to increased steroidogenesis because rodents preferentially use HDL for this process (83) . It is notable that the dyslipidemia observed after 5 weeks of letrozole treatment did not affect the liver as evident by normal AST and ALT, along with normal histology. Future studies are necessary to determine if prolonging the model will result in ectopic lipid accumulation in the liver and a NAFLD-like state. Thus, our data demonstrating increased adiposity and dyslipidemia in the letrozole-induced PCOS mouse model suggest that this model represents an overweight/obese PCOS phenotype and that it will be useful in understanding how hyperandrogenism results in changes in adiposity and lipid profiles.
Progression of the pathology in the letrozole-induced PCOS mouse model was rapid, with hyperinsulinemia and mild hyperglycemia occurring with documented hyperandrogenemia after 1 week of letrozole treatment and prior to pathologic insulin resistance. This model implies that insulin resistance in PCOS may not be causal for hyperinsulinemia. In addition, this model suggests that insulin resistance in PCOS might arise from sustained hyperinsulinemia and hyperglycemia resulting in increased adiposity and low-grade, chronic tissue inflammation (43, 84) . Because significant reproductive and metabolic hormone changes occur during puberty (22, (85) (86) (87) (88) (89) , it is likely that letrozole treatment during this developmental period increased the severity of the metabolic phenotype. Notably, the metabolic dysregulation induced by hyperandrogenemia occurred in the context of pubertal insulin resistance, which has been reported to increase the risk of developing type 2 diabetes and cardiovascular disease in adolescents along with accelerating the complications of diabetes (85, (90) (91) (92) . Future studies applying this experimental model to adult female mice with normal insulin sensitivity will be useful for investigating the role of puberty in the development of the PCOS metabolic phenotype. Genetic background is also a probable contributor to the severity of the phenotype as C57BL/6 mice are obesity prone (93, 94) and display varying glucose responses even within substrains (27) .
Because PCOS is a heterogeneous disorder, it has been challenging to develop animal models that fully recapitulate both the reproductive and metabolic phenotypes. Our study demonstrates that the letrozole-induced PCOS mouse model has many features of the PCOS metabolic phenotype, including obesity, hyperinsulinemia, insulin resistance, mild hyperglycemia, and dyslipidemia, and therefore may be a good model for women with PCOS who have biochemical/clinical hyperandrogenism and are overweight/obese. Although it is now becoming evident that steroid hormone action in metabolism is sex specific, there is a fundamental lack of understanding of how hyperandrogenemia affects female metabolism (67, 95) . The development of hyperandrogenic female mouse models will facilitate studies investigating mechanisms of androgen action in female metabolic tissues. In particular, the combination of tissue-specific AR knockout mice with the letrozole-induced PCOS mouse model will allow researchers to define the contribution of excess AR activation to PCOS metabolic dysfunction within a specific organ or cell type.
